Abstract The aim of this study was to assess the effects of potato plants expressing a barley cystatin on a potentially cystatin-susceptible natural enemy by predation on susceptible and non-susceptible preys feeding on the plant. We have focussed on the impact of the variant HvCPI-1 C 68 fi G, in which the only cysteine residue was changed by a glycine, on the growth and digestive physiology of the Colorado potato beetle (CPB), Leptinotarsa decemlineata, and the Egyptian cotton leafworm (ECW), Spodoptera littoralis. Moreover, we have studied the preymediated effects of the barley cystatin at the third trophic level, using the predatory spined soldier bug (SSB), Podisus maculiventris, as a model. Feeding trials conducted with CPB larvae reared on transgenic potato plants expressing the C 68 fi G variant resulted in significantly lower weight gains compared to those fed on nontransformed (NT) plants. On the contrary, larger weight gains were obtained when ECW larvae, that lack digestive cysteine proteases, were reared on transgenic potato expressing the cystatin, as compared to larvae fed on NT plants. No negative effects on survival and growth were observed when SSB nymphs were exposed to HvCPI-1 C 68 fi G by predation on either CPB or ECW larvae reared on transgenic potato plants expressing the barley cystatin, despite the fact that the inhibitor suppressed in vitro gut proteolysis of the predatory bug. To investigate the physiological background, biochemical analysis were carried out on guts of insects dissected at the end of the feeding assays.
Introduction
Cystatins are a group of proteins specifically inhibiting cysteine proteases. Those from plants, referred as phytocystatins, have been implicated in the endogenous regulation of the protein turnover and in plant defense. The protective role is sustained by in vitro data on inhibition against insect gut proteases and on bioassays against pests (Pernas et al. 1998; Haq et al. 2004) , as well as by the enhanced resistance obtained towards insects, nematodes, slugs and potyviruses in transgenic plants over-expressing phytocystatin genes (Vain et al. 1998; Gutierrez-Campos et al. 1999; Walker et al. 1999) . Moreover, fungicidal and miticidal activities have been also described for several phytocystatins (Pernas et al. 2000; Martinez et al. 2003; 2005a) . However, if transgenic plants expressing foreign protease inhibitors for protection against insect pests are to be deployed as a component of Integrated Pest Management systems, possible adverse direct or indirect effects of the transgene on natural enemies should be considered.
It is well known that several predatory insects, including phytoseid mites, ladybirds and heteropteran bugs use cysteine proteases for digestion (Michaud et al. 1996; Ferry et al. 2003; Bell et al. 2005) . These natural enemies might be adversely affected if either their prey accumulates cystatins from the plants on which they feed on, or the availability or quality of their prey is reduced. Some plant cystatins have been found to be active against the proteases of some beneficial insects, such as the phytoseid mite Amblyseius fallacis (Michaud et al. 1996) , or the predatory stinkbug Perillus bioculatus (Bouchard et al. 2003a ). Ashouri et al. (1998) reported that the fecundity and fertility of P. bioculatus was reduced when fed on Leptinotarsa decemlineata larvae injected with oryzacystatin I (OC-I). However, no preymediated impact on the growth and development of this beneficial predator was observed when fed on L. decemlineata reared on OC-I expressing transgenic potato (Bouchard et al. 2003a, b) . Similar findings were reported by Ferry et al. (2003) for the predatory ladybird Harmonia axyridis, exposed to OC-I in a tri-trophic system via Plutella xylostella reared on OC-I expressing oilseed rape plants. Multitrophic interactions involving genetically modified plants expressing phytocystatins have also been determined in field trials. Cowgill et al. (2004) reported that the fitness of Aphidius ervi and Aspahes vulgaris were not affected when the parasitoids developed on non-target aphids feeding on transgenic potatoes expressing a modified version of OC-I.
We have previously reported the molecular characterization of the barley cystatin HvCPI-1 and several variants derived from it, with different K i s against papain and cathepsin B, which are also able to inhibit fungal growth. We have also shown using site-directed mutagenesis that the antifungal activity is not associated with its cysteine protease inhibitory properties (Gaddour et al. 2001 , Martinez et al. 2003 . One of these mutants was the HvCPI-1 C 68 fi G, used in this study as a transgene, a variant in which the substitution of its unique cysteine residue by a glycine enhanced its properties as cysteine protease inhibitor (Martinez et al. 2003) .
To study the prey-mediated effects of the barley cystatin HvCPI-1 C 68 fi G expressed in potato at the third trophic level, we have selected the spined soldier bug (SSB), Podisus maculiventris (Hemiptera: Pentatomidae). With the purpose of differentiate potential effects due to the direct exposure to HvCPI-1 C 68 fi G via its prey from indirect adverse effects due to prey being of inferior quality, both cystatin-susceptible and non-susceptible preys were considered. The SSB is a generalist predator used as a biological control agent in North America and Europe, primarily for the control of lepidopteran and coleopteran pests (De Clercq 2000) . Protease activity in SSB midguts is mainly based on cysteine proteases, whereas serine proteases gave maximal activity in their salivary glands (Bell et al. 2005) , suggesting the potential for interference by cystatins and serine protease inhibitors. Recently, Bell et al. (2003) reported some detrimental effects by exposure of SSB to the cowpea trypsin inhibitor (CpTI) using Lacanobia oleracea prey that had ingested transgenic potato leaves or had been injected with the inhibitor. The Colorado potato beetle (CPB), Leptinotarsa decemlineata (Coleoptera: Chrysomelidae), would be a target of cystatin-expressing transgenic potato plants (Lecardonnel et al. 1999 ). The midgut of CPB larvae and adults is slightly acidic and cysteine proteases provide the major midgut endoproteolytic activities (Thie and Houseman 1990; Novillo et al. 1997; Gruden et al. 2003) . The Egyptian cotton leafworm (ECW), Spodoptera littoralis (Lepidoptera: Noctuidae), was selected as a non-susceptible prey. Serine proteases provide the major midgut endoproteolytic activities of ECW larvae (Lee and Anstee 1995) , and incorporation of genes encoding serine protease inhibitors into the genome of plants has conferred resistance against ECW (De Leo et al. 1998; Marchetti et al. 2000) . However, no adverse effects by exposure to cystatins are expected.
The aim of this study was to study tritrophic interactions between transgenic plants, pests and natural enemies. Specifically, it reports the effects of HvCPI-1 C 68 fi G expressing potato on the growth and digestive physiology of the herbivorous pests, L. decemlineata and S. littoralis, and the predatory bug P. maculiventris.
Materials and methods

Insects
A laboratory colony of CPB was reared on potato plants, Solanum tuberosum cv. Kennebec. A laboratory colony of ECW was reared on a semiartificial diet, modified from Poitout and Bues (1970) by the addition of 0.63% (w/w) Wesson's salt mixture. SSB were purchased from Koppert Sistemas Bioló gicos (Almeria, Spain), and reared in our laboratory for several generations on larvae of Calliphora spp., CPB and ECW, before use in trials. The three laboratory colonies were reared in environmental chambers at 25 ± 2°C, 70 ± 10% rh and a 16:8 h (L:D) photoperiod.
Digestive protease assays
Guts from CPB and ECW larvae and salivary glands and midguts from SSB nymphs were dissected and subsequently homogenized in 0.15 M NaCl, centrifuged at 10,000g for 5 min, and the supernatants pooled and stored frozen (-80°C) until needed. Unless otherwise stated, insect protease activities were determined at 30°C, at their optimum pH of activity in 1 ml of reaction mixture. Total protein in midgut extracts was determined according to the method of Bradford (1976) with BSA as the standard. All substrates were purchased from Sigma Chemical Co. (St. Louis, USA).
CPB protease activities were determined using 50 ll of midgut extract, following the conditions described by Novillo et al. (1997) . Cathepsin D-like activity was assayed using 0.2% haemoglobin as substrate, and incubating for 4 h at pH 3.5; cathepsin B-like activity using 50 lM ZAA 2 MNA (N-carbobenzoxy-alanine-arginine-arginine 4-methoxy-b-naphthyl amide) as substrate, and incubating for 1 h at pH 7.5 with buffer that contain 1 mM Lcysteine and using in this case 6 ll of midgut extract; chymotrypsin-like activity using 0.25 mM SA 2 PPpNa (N-succinyl-(alanine) 2 -proline-phenylalanin-pnitroanilide) as substrate, and incubating for 1 h at pH 6.5; leucine aminopeptidase-like activity using 1 mM LpNa (L-leucine p-nitroanilide) as substrate, and incubating for 1 h at pH 7.5; and carboxypeptidase A-like activity using 1 mM HPA (hippurylphenylalanine) as substrate, and incubating for 24 h at pH 8.0.
Enzymatic ECW activities were determined using 20 ll of midgut extract, based on the methods described by Ortego et al. (1996) . Trypsin-like activity was assayed using 1 mM BApNa (Na-benzoyl-DL-arginine-p-nitroanilide) as substrate, and incubating for 30 min at pH 10.5; chymotrypsin-like activity using 0.25 mM SA 2 PPpNa as substrate, and incubating for 1 h at pH 10.5, and using in this case 2 ll of midgut extract; elastase-like activity using 0.5 mM SA 3 pNa (N-succinyl-(alanine) 3 -p-nitroanilide) as substrate, and incubating for 3 h at pH 10.5; leucine aminopeptidase-like activity using 1 mM LpNa as substrate, and incubating for 1 h at pH 7.5; carboxypeptidase A-like activity using 1 mM HPA as substrate, and incubating for 24 h at pH 7.5 and using in this case 50 ll of midgut extract; and carboxypeptidase B-like activity using 1 mM HA (hippuryl-L-arginine) as substrate, and incubating for 24 h at pH 7.5.
The protease activities present in the salivary glands and midgut of SSB nymphs were identified, and their optimum pH determined. All assays were performed using 30 ll of salivary gland extract or 20 ll of midgut extract. Trypsin-like activity was assayed using 1 mM BApNa as substrate, and incubating for 24 h at pH 9.0; chymotrypsin-like activity using 0.25 mM SA 2 PppNa as substrate, and incubating for 24 h at pH 9.5; cathepsin B-like activity using 50 lM ZAA 2 MNA as substrate, and incubating for 4 h at pH 7.0 with buffer that contain 1 mM L-cysteine; leucine aminopeptidase-like activity using 1 mM LpNa as substrate, and incubating for 2 h at pH 7.5; and carboxypeptidase B-like activity using 1 mM HA as substrate, and incubating for 24 h at pH 7.5.
Production of recombinant barley cystatins in Escherichia coli
A variant of the gene Icy encoding the barley cystatin HvCPI-1 (Gaddour et al. 2001) , with a mutation in the codon of the unique cysteine residue which changed C 68 fi G, was previously generated by Martínez et al. (2003) . The wild-type HvCPI-1 barley cystatin and its derived variant C 68 fi G were expressed as fusion proteins in E. coli as described by Martínez et al. (2003) and purified to homogeneity using a His-Band resin and elution conditions from a Ni 2+ -column following manufacturer's instructions (Novagen).
Inhibitory activity of recombinant barley cystatins
The wild-type HvCPI-1 barley cystatin and its derived variant C 68 fi G were tested in vitro against digestive protease activities from CPB, ECW and SSB. Cysteine protease activity was assayed as described by Gaddour et al. (2001) , using BANA (N-benzoyl-DL-arginine-b-naphthylamide) as substrate, and trypsin-like activity with BApNa as described above. Barley cystatins (16 lg) were preincubated at 30°C with the gut extracts for 15 min, prior to addition of substrate. All assays were carried out in triplicate with pooled gut extracts and blanks were used to account for spontaneous breakdown of substrates.
Cloning strategy and potato transformation
The mutated version of the cDNA encoding the C 68 fi G cystatin was amplified using exact match primers containing BamHI restriction sites to facilitate the cloning of the sequence between the CaMV35S promoter and the NOS terminator of the binary pROKII vector (Baulcombe et al. 1986 ) and to generate the recombinant pROK-G construct. This construct was introduced into competent Agrobacterium tumefaciens LBA4404 by electroporation. Leaf discs from axenic S. tuberosum cv. Dé siré e cultures were transformed by co-cultivation as described by Keil et al. (1989) with minor modifications and transgenic lines were selected on a kanamycin containing MS-agar medium. Plants were clonally propagated in vitro from apical shoot cuttings to produce clonal lines, with sufficient numbers of plants to carry out statistically valid insect bioassays. When a good root system was developed, the plantlets were transferred to the greenhouse where they were grown under a regime of 20 ± 2°C, 16 h light/8 h dark for 10-12 weeks to obtain expanded leaves for insect bioassays. Control non-transformed isogenic plants were also propagated by tissue culture.
Nucleic acid analysis
Total DNA isolated from 3-to 4-weeks-old potato leaves, essentially as described by Taylor and Powell (1988) , was tested for the presence of the Icy gene by PCR using as sense primer the oligonucleotide 5¢-CACTATCCTTCGCAAGACC-3¢ which includes nt -97 to -79 from the CaMV35S promoter and as antisense the oligonucleotide 5¢-TTAGGCGGCCGGCTTGAA-3¢ derived from the 3¢ coding region of the Icy gene (nt 307 to 324). PCR bands were excised, purified and fully sequenced.
Total RNA was purified from leaves of 3-4-weeks-old potato plants by phenol/chloroform extraction, followed by precipitation with 3 M LiCl (Lagrimini et al. 1987) . Eight microgram of RNA were electrophoresed in 0.8% agarose gels containing 7% formaldehyde and blotted onto Hybond N membranes (Amersham). Hybridization and washings were done under stringent conditions, following standard procedures (Sambrook and Russell 2001) , using as a probe the 32 P-labelled entire Icy coding region.
Inhibitory activity of protein extracts from potato plants expressing a barley cystatin gene
Total protein extracts from leaves were obtained from axenic cultures of transgenic and non-transgenic potato plants with 6-7 expanded leaves. Leaves were ground with mortar and pestle and resuspended in 0.15 M NaCl, 50 mM sodium phosphate pH 6.0, 2 mM EDTA for 1 h at 4°C. After centrifugation for 15 min at 10,000 rpm, supernatants were recovered and their protein content quantified. Inhibitory activity of plant protein extracts was tested in vitro against commercial papain (EC 3.4.22.2) from SIGMA, using BANA as substrate, essentially as described by Gaddour et al. (2001) . Ten micrograms of soluble protein were incubated with 300 ng of papain (0.006 units) at 25°C for 10 min prior to addition of substrate. All assays were carried out in triplicate.
Insect bioassays
For feeding assays with CPB, second instar larvae, weighting 7-9 mg each, were starved for 4 h before infesting potato plants expressing a barley cystatin or on its corresponding nontransformed isogenic plants. Four larvae were confined per plant using a ventilated plastic cylinder (12-cm diameter, 30-cm high). Larvae were allowed to eat for 4 days and, at the end of this period, all larvae were weighed and dissected for midgut protease assays. At least twelve plants per genotype were used, which were held in a growth chamber at 25:20 ± 1°C (L:D), 70 ± 10% relative humidity and 16:8 h (L:D) photoperiod. For feeding assays with ECW, four second instar larvae (10-12 mg) were allowed to feed on potato plants for 4 days as described above. When feeding bioassays were finished, larvae of CPB and ECW were dissected and each midgut homogenised in 500 ll of 0.15 M NaCl.
SSB assays were performed with third instar nymphs placed singly in Petri dishes of 90 · 30 mm that contain filter paper and cotton soaked with water. Three-four larvae of CPB or ECW reared with transgenic potato plants expressing a barley cystatin or on its corresponding non-transformed isogenic plants were provided daily. In addition, potato leaves from transgenic or non-transformed plants were added to the experimental arena each 2-3 days for prey consumption. SSB nymphs were fed on CPB or ECW larvae until they reached the fifth instar, in an environmental chamber as described above. At the end of the assay, SSB nymphs were weighed, and salivary glands and midguts were extracted and subsequently homogenised in 100 and 500 ll of 0.15 M NaCl, respectively.
Midgut extracts from CPB, ECW and SSB, as well as salivary glands extracts from SSB were centrifugated, and the supernatants individually frozen to provide 15 samples of each treatment for enzymatic determinations, as described above. Protease activities were compared between each treatment and the control by the Dunnett twotailed test, using protein content as covariate (Ortego et al. 1999) .
Results
Inhibitory activity of cystatins against CPB, ECW and SSB digestive proteases in vitro
The inhibitory activity of the wild-type HvCPI-1 barley cystatin and its derived variant HvCPI-1 C 68 fi G were tested in vitro against the main digestive protease activities from CPB, ECW and SSB (Table 1) . HV-CPI-1 showed 38% inhibition over CPB cysteine protease activity, but the inhibition obtained with the derived variant Hv-CPI-1 C 68 fi G reduced the proteolytic activity of the digestive extracts by about 50%. The cysteine proteases present in the midgut of SSB nymphs were highly susceptible to both inhibitors, but in this case the inhibition obtained with the barley variant C 68 fi G was slightly lower than that obtained with the wild-type cystatin. Both cystatins lack inhibitory activity against the trypsin-like proteases from ECW larval midguts and from SSB salivary glands. The amount of cystatins used (16 lg = 1.0 · 10 -6 M) is in excess relative to the amount of cysteine proteases in the extracts, since similar levels of inhibition were obtained when the cystatins were tested in the range 0.25-2.0 · 10 -6 M.
Production of potato transgenic lines
A total of 3 plates containing leaf discs of S. tuberosum cv Désirée were cocultivated with A. tumefaciens carrying the pROK-G construct. Twenty-two resistant calli were obtained using 50 lg/ml of kanamycin as selective agent and from those calli, 14 independent lines were regenerated. The presence of the mutated Icy gene encoding the HvCPI-1 C 68 fi G cystatin in the transgenic lines was determined by PCR amplification. The fourteen regenerated potato lines exhibited the expected 0.4 kbp band after electrophoresis of the PCR-amplified products ( Fig. 1) and its identity was confirmed by sequencing. In all cases the nucleotide sequence corresponded to the mutated barley cystatin cDNA. The primary positive transformant potato lines were propagated in vitro to establish clonal potato lines.
Cystatin expression in transgenic potato
To ascertain Icy C 68 fi G expression in the transgenic potato leaves, northern blot analysis of total RNA from leaves of some of the transgenic lines was carried out using the complete mutated ORF as a probe. mRNA expression was observed in the seven potato lines tested, although differences in the level of expression among the different transgenic lines were detected (Fig. 2a) . No transcripts were found in the RNA isolated from non-transformed leaves. The expression of the cystatin in the transgenic lines was also analysed by assaying its inhibitory activity in vitro against commercial papain. After the incubation of protein extracts from transformed and non-transformed potato leaves with papain, the inhibitory activity was quantified by the decreased amount of BANA-hydrolized by papain and expressed as percentage of remaining enzyme activity (Fig. 2b) . Ten of the 14 transgenic lines (lines 1, 2, 4, 5, 6, 11, 12, 13, 14 and 16) showed a inhibitory activity over the values obtained with protein extracts from the non-transformed control. Protein extracts from lines 14 and 16 reduced the remaining papain activity up to 38 and 19%, respectively. These two lines presented a greater inhibition degree than did extracts from the other potato lines (lines 1, 2, 4, 5, 6, 11, 12 and 13), which diminished the remaining papain activity between 60% and 80%. No papain inhibition was detected in non-transformed (NT) leaves and in potato transgenic lines 3, 9, 10 and 15. A comparison of Fig. 2a and b shows that no correspondence between mRNA and protein activity levels was detected to several transgenic lines, probably due to differences in the mRNA stability or post-translational modifications. The two lines that presented a greater protease inhibition (14 and 16) and one of the lines without papain inhibition activity (10) were selected for insect bioassays.
Effect of potato transgenic plants on CPB and ECW larvae
Larvae of CPB were reared on transgenic potato plants expressing the Icy C 68 fi G gene (G10, G14 and G16) to assess the effects of HvCPI-1 C 68 fi G cystatin on insect growth. Insect survival was not affected, but second instar larvae fed for 4 days on the transgenic potato line G16 had significantly lower weight gains than those fed on non-transformed (NT) plants (Table 2) . To investigate the physiological background, biochemical analysis were carried out on guts of insects dissected at the end of the feeding assay. CPB larvae fed on G16 and G14 plants showed higher levels of cathepsin B activity than those fed on NT plants, whereas all other endoproteases (cathepsin D and chymotrypsin) and exopeptidases (carboxypeptidase A and leucine aminopeptidase) analysed were not significantly affected (Table 2) . No effects on growth or digestive protease activities were observed with larvae fed on G10 plants (Table 2) .
Feeding trials conducted with ECW larvae reared on transgenic potato plants expressing the Icy C 68 fi G gene (G10, G14 and G16) resulted in larger weight gains for those larvae fed for four days on G16 plants, as compared to larvae fed on NT plants (Table 3) . When the midgut extracts from these larvae were analysed, trypsin 26.1 ± 2.9 26.9 ± 5.9 36.6 ± 3.0 29.7 ± 6.1 CPA (HPA) 6.1 ± 0.7 7.0 ± 1.0 7.9 ± 0.7 8.1 ± 1.1 a Feeding assays were performed for 4 days from second to fourth instar larvae. Larval growth is expressed in mg of fresh weight. Data are the mean ± SE (n = 48 for NT; 63 for G10; 44 for G14; and 64 for G16 and leucine aminopeptidase activities were significantly enhanced in larvae fed on G14 and G16 plants, relative to larvae feeding on NT plants (Table 3) . On the other hand, the activity of chymotrypsin, elastase and carboxypeptidases A and B activities were not affected. No effects were observed with larvae fed on G10 plants.
Effect of potato transgenic plants on SSB nymphs
No differences in development and weight gain were observed when SSB nymphs were fed prey species (CPB or ECW) reared on transgenic potato plants expressing the barley cystatin (G-16) or non-transformed potato plants (NT) ( Table 4 ). Biochemical analysis showed that the activities of the main proteases (trypsin-and chymotrypsin-like) present in the salivary glands of SSB nymphs were not affected by the exposure of the prey to the cystatin, whereas some changes occurred in the proteolytic activity of the midguts (Table 4) . Thus, SSB nymphs fed on CPB larvae reared on G16 plants showed lower levels of midgut cathepsin B-like activity than those fed on CPB larvae reared on NT plants. Likewise, SSB nymphs fed on ECW larvae presented higher midgut leucine aminopeptidaselike activity when this prey was reared on G16 plants.
Discussion
Although several plant species have been produced transgenically expressing phytocystatins from rice, maize and Arabidopsis, that confer resistance to insects and nematodes (Haq et al. 2004) , this is the first report in which one gene belonging to the cystatin gene family from barley (Martinez et al. 2005b ), has been used as a transgene. The barley cystatin HvCPI-1 and several variants derived from it are potent inhibitors of papain and commercial cathepsin B, particularly the C 68 fi G variant with K i values of 1.1 · 10 -9 and 2.7 · 10 -8 M, respectively (Gaddour et al. 2001 , Martinez et al. 2003 . Hv-CPI-1 and its variant HvCPI-1 C 68 fi G were tested in vitro against the midgut protease activities from CPB and ECW larvae and SSB nymphs. The variant C 68 fi G resulted a much better inhibitor than the wild-type for CPB digestive proteases, which is in agreement with the K i values determined against commercial cysteine proteases (Martinez et al. 2003) , indicating that the G 68 substitution enhanced its properties as cysteine protease inhibitor against this pest. However, Hv-CPI-1 was a more effective inhibitor of SSB cysteine proteases, suggesting that the G 68 substitution does not confer higher inhibitory activity for all types of insect cysteine proteases. As expected, both cystatins lack inhibitory activity 8.9 ± 0.5 9.5 ± 0.8 8.0 ± 0.6 7.8 ± 0.8 LAP (LpNa) 103 ± 6 92 ± 7 135 ± 14* 146 ± 18* CPA (HPA) 22.93 ± 2.1 20.9 ± 2.7 24.3 ± 3.3 18.8 ± 1.9 CPB (HA) 27.2 ± 2.1 22.6 ± 1.9 31.1 ± 3.2 24.5 ± 3.5 a Feeding assays were performed for 4 days from second to fourth instar larvae. Larval growth is expressed in mg of fresh weight. Data are the mean ± SE (n = 62 for NT; 56 for G10; 58 for G14; and 60 for G16) b Protease activity is expressed as nmoles of substrate hydrolyzed/min/mg protein. Data are the mean ± SE (n = 15). Enzyme type abbreviations: TRY (typsin-like proteases), CHY (chymotrypsin-like proteases), ELA (elastase-like proteases), LAP (leucine aminopeptidase), CPA and CPB (carboxipeptidases A-and B-like proteases) * Significantly different from NT (Dunnet two-tailed test P £ 0.05). Means were compared by analysis of covariance using as covariate protein content against trypsin-like enzymes, the most abundant proteases in the ECW midgut, and also present in the SSB salivary glands. We selected the variant HvCPI-1 C 68 fi G for the transformation of potatoes, based on its improved inhibitory activity against CPB and its relatively lower activity for SSB. A decrease on larval growth was observed following CPB larvae feeding on transgenic potato plants expressing the HvCPI-1 C 68 fi G cystatin. Larval growth reductions reflected variations in the inhibitory activity of protein extracts from the different transgenic potato lines. Larvae reared on the transgenic potato lines G16 and G14, that presented a greater papain inhibition activity than did extracts from the other potato lines, had lower weight gains than those fed on non-transformed (NT) plants. As expected, no effect on larval growth was obtained on the transgenic potato line G10, which lack papain inhibition activity. The CPB possess a remarkably ability to adapt its digestive proteolytic metabolism to the dietary material ingested (Overney et al. 1997) , showing different digestive compensatory responses to host plants expressing distinct sets of defense proteins (Rivard et al. 2004 ). Several strategies have been proposed in the way that CPB may counteract the inhibitory activity of cystatins, such as: (a) the overproduction of cysteine proteases (Ortego et al. 2001) ; (b) the induction of novel insensitive cysteine proteases (Bolter and Jongsma 1995; Cloutier et al. 2000; Gruden et al. 2003) ; (c) the physiological complementation by non-target proteases of other mechanistic classes, such as chymotrypsin-like (Novillo et al. 1997) and aspartyc proteases (Brunelle et al. 1999) ; and (d) the proteolytic cleavage of cystatins by nontarget proteases (Michaud et al. 1995; Gruden et al. 2003) . We have found that CPB larvae feeding on transgenic potato plants responded to ingested HvCPI-1 C 68 fi G cystatin by the overproduction of cysteine proteases, whereas nontarget proteases were not affected. Thus, the weight gain reduction of CPB larvae fed on G-16 plants could be the result of: (a) a deficient amino acid intake in the midgut resulting from an altered degradation rate of dietary proteins following cysteine protease inhibition; or (b) the metabolic cost associated with the hyperproduction of digestive proteases. Likewise, Ortego et al. (2001) reported similar results when comparing CPB larvae fed on wild-type potato and potato plants in which wound-induced accumulation of protease inhibitors was largely reduced through antisense-mediated depletion of a specific lipoxygenase. Alternatively, we can not discard the possibility that the weight gain reduction observed could be explained, at least in part, by a 'poorer quality' of the leaf material containing the barley cystatin due to eventual pleiotropic effects altering the host plant metabolism (GutierrezCampos et al. 2001; Van der Vyver et al. 2003) . Nevertheless, Cloutier et al. (1999) showed that protease activity in midgut extracts from last instar CPB larvae feeding for one day on potato foliage expressing OC-I was sensitive to inhibition, but was no longer sensitive after 4 days feeding on transgenic plants, indicating a gradual adaptation of the insect digestive protease system based on the production of OC-I insensitive proteases. In addition, transgenic lines of potato expressing a cathepsin D inhibitor from tomato showed resistance to CPB for the first 12 h, but the insect compensated for the loss of cathepsin D activity by modulating its digestive protease complement (Brunelle et al. 2004) . Feeding trials conducted with ECW resulted in larger weight gains for those larvae fed on G16 plants. The growth-enhancing effect of transgenic plants expressing protease inhibitors has been previously reported (Girard et al. 1998; De Leo et al. 1998; Lara et al. 2000) . Although the mechanism is still unknown, it seems to be linked to low inhibitor expression levels in transgenic plants (De Leo et al. 1998 or, as in our case, to the absence of target proteases for cystatins in the digestive tract of ECW larvae. When the midgut extracts of ECB larvae were analysed, trypsin and leucine aminopeptidase activities were enhanced after feeding on G14 and G16 plants. The over-expression of existing proteases in ECW larvae may be stimulated by the higher protein content of the transgenic plants expressing the barley cystatin, which could be used as supplementary dietary protein by non-susceptible insects, resulting in the observed growth-enhancing effects. Nevertheless, there is also the possibility that the observed effects could be related to eventual pleiotropic effects altering the protein quality and quantity of the host plant.
The main goal of this study was to assess the possible occurrence of prey-mediated effects of HvCPI-1 C 68 fi G on a potentially cystatin-susceptible natural enemy by predation on susceptible and non-susceptible preys. Our results confirm the potential for direct interference of HvCPI-1 C 68 fi G with SSB digestion. However, we have found no negative effect on SSB nymphs when exposed to HvCPI-1 C 68 fi G by predation on either CPB or ECW larvae reared on transgenic potato plants expressing the barley cystatin, despite the fact that the inhibitor suppressed in vitro gut proteolysis of the predatory bug. Previous studies indicate that, whilst the proteolytic activity of predatory insects can be highly susceptible to inhibition by cystatins, prey-mediated effects are often not observed when expressed in transgenic plants. When the ladybird H. axyridis consumed larvae of P. xylostella reared on OC-I expressing oilseed rape plants, no detrimental effects were observed on larvae and adults of the ladybird, despite OC-I inhibited the digestive cysteine proteases of the H. axyridis in vitro, and immunoassays confirmed accumulation of the transgene product in pest larval tissues (Ferry et al. 2003) . Likewise, Bouchard et al. (2003a, b) showed that OC-I potato had no prey-mediated impact on the performance of the pentatomid P. bioculatus, in a tritrophic system via its herbivorous prey, L. decemlineata. These results contrast with the adverse effects obtained for some beneficial insects from foraging for prey in crops expressing serine protease inhibitors (Bell et al. 2001; Ferry et al. 2005) . Some detrimental effects have also been reported on the biology of SSB when exposed to the trypsin inhibitor CpTI due to a combination of poor efficiency of preoral digestion by serine proteases produced in the salivary glands (Bell et al. 2005) , and the prey being of inferior quality (Bell et al. 2003) .
Predatory insects can adapt their digestive metabolism to the presence of plant antidigestive proteins ingested by their herbivorous preys. Ashouri et al. (1998) reported the induction of oryzacystatin resistant protease activity in P. bioculatus adults feeding on L. decemlineata larvae injected with OC-I. Likewise, the absence of effect of OC-I expressed in transgenic potato via its prey on P. bioculatus was associated with a digestive compensatory response of the predator following inhibition of its proteases by the cystatin, by which serine-type proteases were synthesized de novo (Bouchard et al. 2003b) . Digestive compensation has also been reported for larvae of H. axyridis that had ingested OC-I fed prey (Ferry et al. 2003) . Results from the present study showed that SSB nymphs presented lower levels of midgut cathepsin B-like activity when consumed larvae of CPB reared on HvCPI-1 C 68 fi G-expressing potato plants. However, this reduction does not seem to be associated to a direct inhibitory effect of HvCPI-1 C 68 fi G, since cathepsin B-like activity was not affected when the SSB nymphs were exposed to the cystatin via ECW larvae reared on G16 plants. Likewise, midgut leucine aminopeptidase-like activity increased in SSB nymphs fed on ECW larvae reared on G16 plants, but not when fed on CPB larvae reared on the same plants. In addition, the changes operated in the proteolytic activities of SSB nymphs corresponded to some of the activities also altered in their prey, suggesting that they may be the result of the adaptation of the predator to changes induced in their prey, rather than a direct effect on its digestive proteolytic metabolism. The risk of exposure to the cystatin would also depend on whether or not non-target predators ingest the midgut contents of their prey (Bouchard et al. 2003a ). Indeed, SSB was reported to discard Spodoptera exigua prey before complete consumption, the caterpillar's midgut being rejected (De Clercq et al. 1995) . This is something we did not observe directly. However, whole prey consumption by SSB was unusual suggesting that when preys are abundant they may eat only some of the prey tissues. It has also been reported that the early stages of predatory pentatomids can supplement their carnivorous diet with plant material (Ruberson et al. 1986 ), representing another potential route of direct exposure to insect resistance factors expressed in transgenic crops. However, Bouchard et al. (2003a) found no evidences of OC-I ingestion by P. bioculatus when food was limited to OC-I transgenic potatoes.
Regardless of the precise mechanisms involved, it appears that the expression of HvCPI-1 C 68 fi G in potato does not represent a risk to SSB nymphs as mediated by predation on either susceptible or non-susceptible preys. Nevertheless, additional studies are required to assess the effects of this barley cystatin on SSB adult performance, and field trials will be necessary to gain a more clear understanding of the multitrophic interactions involving genetically modified plants expressing phytocystatins.
